Abstract Different plant-derived and synthetic cannabinoids have shown to be neuroprotective in experimental models of Huntington's disease (HD) through cannabinoid receptordependent and/or independent mechanisms. Herein, we studied the effects of cannabigerol (CBG), a nonpsychotropic phytocannabinoid, in 2 different in vivo models of HD. CBG was extremely active as neuroprotectant in mice intoxicated with 3-nitropropionate (3NP), improving motor deficits and preserving striatal neurons against 3NP toxicity. In addition, CBG attenuated the reactive microgliosis and the upregulation of proinflammatory markers induced by 3NP, and improved the levels of antioxidant defenses that were also significantly reduced by 3NP. We also investigated the neuroprotective properties of CBG in R6/2 mice. Treatment with this phytocannabinoid produced a much lower, but significant, recovery in the deteriorated rotarod performance typical of R6/2 mice. Using HD array analysis, we were able to identify a series of genes linked to this disease (e.g., symplekin, Sin3a, Rcor1, histone deacetylase 2, huntingtin-associated protein 1, δ subunit of the gamma-aminobutyric acid-A receptor (GABA-A), and hippocalcin), whose expression was altered in R6/2 mice but partially normalized by CBG treatment. We also observed a modest improvement in the gene expression for brain-derived neurotrophic factor (BDNF), insulinlike growth factor-1 (IGF-1), and peroxisome proliferatoractivated receptor-γ (PPARγ), which is altered in these mice, as well as a small, but significant, reduction in the aggregation of mutant huntingtin in the striatal parenchyma in CBGtreated animals. In conclusion, our results open new research avenues for the use of CBG, alone or in combination with other phytocannabinoids or therapies, for the treatment of neurodegenerative diseases such as HD.
Introduction
Huntington's disease (HD) is an inherited neurodegenerative disorder characterized by motor abnormalities, cognitive dysfunction, and psychiatric symptoms [1] . The primary cause of the disease is a mutation in the huntingtin gene, which consists of a CAG triplet repeat expansion translated into an abnormal polyglutamine tract in the amino-terminal portion of this protein that becomes toxic for striatal and cortical neuronal subpopulations [2] . At present, there is no specific pharmacotherapy to alleviate motor and cognitive symptoms and/or to arrest/delay disease progression in HD. Thus, even though a few compounds have produced encouraging results in preclinical studies (i.e., unsaturated fatty acids, inhibitors of histone deacetylases, coenzyme Q10, minocycline), none of the findings obtained in these studies have yet led to the development of an effective medicine [3] . Importantly, following on from an extensive preclinical evaluation using different experimental models of HD (reviewed in [4] and [5] ), clinical tests are now being performed with cannabinoids. Using experimental models that reproduce different cytotoxic stimuli that operate in HD pathogenesis, for example rodents treated with mitochondrial toxins (e.g., inhibitors of mitochondrial complex II), quinolinate-lesioned mice, or transgenic mice bearing mutated forms of human huntingtin, preclinical studies with cannabinoids demonstrated preservation of striatal neurons [6] [7] [8] [9] [10] [11] . The beneficial effects of cannabinoids were exerted through multiple mechanisms of action, including cannabinoid receptor type 1 (CB 1 ) activation (e.g., excitotoxic models [8, 11] ), cannabinoid receptor type 2 (CB 2 ) activation (e.g., inflammatory models [10] ), and CB 1 /CB 2 -independent mechanisms. For example, cannabinoid receptor-independent effects were induced by compounds with antioxidant profiles, such as Δ 9 -tetrahydrocannabinol (Δ 9 -THC) and cannabidiol (CBD), and were particularly evident against the toxicity caused by the mitochondrial complex II inhibitor 3-nitropropionic acid (3NP), which primes oxidative injury [6, 7] . The combination of botanical extracts enriched in these 2 phytocannabinoids, similar to the formulation of the already approved cannabisbased medicine, Sativex® (GW Pharmaceuticals, Salisbury, UK) [12, 13] , also preserved striatal neurons in rats subjected to 3NP intoxication [14] , a model priming, as mentioned above, calpain activation and oxidative injury as major cytotoxic mechanisms and in which, as mentioned above, both Δ 9 -THC [6] and CBD [7] , administered separately, have already been found to display neuroprotective properties. These effects of the Sativex®-like combination of phytocannabinoids were also, as expected, independent of CB 1 and CB 2 receptors [14] , and attributed to the inherent antioxidant properties of both phytocannabinoids that may depend on their particular chemical structure (reviewed in [15] ). In addition, it has been suggested that Δ 9 -THC, and especially CBD, may exert its neuroprotective effects by regulating the activity of inducible transcription factors such as nuclear factor kappa B (NF-κB), nuclear factor erythroid 2-related factor 2 (Nrf-2), and peroxisome proliferatoractivated receptor (PPARγ) [16] .
Cannabigerol (CBG) is another major phytocannabinoid having a pharmacological profile relatively similar to Δ 9 -THC and CBD in relation to its CB-independent activities. CBG is nonpsychotropic and does not bind or activate CB 1 or CB 2 [17, 18] . However, CBG is antioxidant [17, 18] , as well as anti-inflammatory, as it inhibits lipopolysaccharideinduced (LPS) release of proinflammatory cytokines and prostaglandin E2 in primary microglial cells [19] , activates PPARγ [19] , and attenuates murine colitis induced by intracolonic administration of dinitrobenzene sulfonic acid [20] . CBG also targets α-2 adrenergic receptors [21] , and serves as an antagonist of serotonin 5-hydroxytryptamine 1A receptors (5HT 1A ) [21] . CBG has not been studied in HD but its pharmacological profile (e.g., antioxidant and activator of PPARγ) presents certain interest as a potential diseasemodifying agent in this disorder. This possibility prompted us to extend our preclinical work with classic phytocannabinoids in HD to CBG using first a neurotoxin-based model, 3NP-lesioned mice. This is a model in which the death of striatal neurons is predominantly associated with the occurrence of mitochondrial dysfunction, calpain activation, and oxidative stress [14, 22] ; therefore, a model in which CBG may be beneficial owing to its antioxidant and anti-inflammatory activities. Moreover, we also wanted to study CBG in R6/2 mice, a transgenic model of HD that reproduces a very aggressive pathological phenotype and that is frequently used in preclinical evaluation of potential neuroprotective compounds. Cannabinoids other than CBG are particularly active in this murine model [8, 9] . To this end, we subjected 3NP-lesioned or R6/2 mice, and their respective controls, in two separate experiments to daily treatments with CBG at a dose of 10 mg/kg. In the case of 3NP-lesioned mice, the treatments were prolonged for 4 days before the animals were euthanized and their brains collected for further analysis. In the case of R6/2 mice, treatments began at 4 weeks and were prolonged up to 10 weeks after birth, the age at which animals were also euthanized and their brains collected for further analysis. The progression of neurological deficits (e.g., failed rotarod performance, altered locomotor activity, clasping, dystonia) was recorded before (only in R6/2 mice) and/or during (in both experiments) the treatment period, whereas for the extent of the striatal damage, the brains were analyzed using different histological parameters [e.g., Nissl staining; NeuN or dopamine-and cyclic adenosine monophosphate-regulated phosphoprotein, Mr 32 kDA (DARPP-32) immunostaining; reactive microgliosis determined with Iba-1 immunohistochemistry; astrogliosis labelled with glial fibrillary acidic protein (GFAP) immunostaining], and the expression of various biochemical markers related to the endocannabinoid signaling system [e.g., CB 1 and CB 2 , fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) enzymes] or that have been found previously to be altered in different HD models [e.g., the neurotrophins brain-derived neurotrophic factor (BDNF) and insulin-like growth factor-1 (IGF-1), the glutamate transporters GLT-1 and glutamate aspartate transporter (GLAST), DARPP-32, some antioxidant enzymes, and proinflammatory enzymes and cytokines] [2, 8-10, 14, 23] . The striatal samples from both experiments were also analyzed with a specific HD polymerase chain reaction (PCR) array system. We performed an additional experiment conducted with CBG in striatal progenitor cell lines STHdh Q7/Q7 and STHdh Q111/Q111 expressing endogenous wild-type and mutant huntingtin, respectively, which was aimed at determining the effects of this phytocannabinoid on PPARγ receptors (see Supplementary Information).
Materials and Methods

Animals and Treatments
All animals used in this study were housed in a room with a controlled photoperiod (08:00-20:00 light) and temperature (22±1°C) with free access to standard food and water. h with CBG at a dose of 10 mg/kg, a dose within the range of effective doses for phytocannabinoids in HD and other disorders when they were administered in pure form [8] [9] [10] [11] 14] or vehicle (0.2 % dimethyl sulfoxide plus 5 % bovine serum albumin in PBS), with the first and the last injections 30 min before the first and the last injections of 3NP, respectively. All animals were euthanized 12 h after the last injection of 3NP. In a second experimental approach, we used a colony of R6/2 and wild-type mice generated from initial breeders obtained from Jackson Laboratories (Bar Harbor, ME, USA; code: B6CBA-Tg(HDexon1)62Gbp/1 J; 160±5 repeat expansions), which is presently available in our animal facilities. The colony was maintained by back-crossing R6/2 males with B6CBAF1/J females. Animals were subjected to genotyping to confirm the presence of the transgene with the mutated huntingtin (see details in [8] and [9] ). Male R6/2 and wildtype animals were used at the age of 4 weeks after birth, an age at which motor symptoms have not appeared yet [8, 9] . Mice were treated daily with i.p. injections of CBG (10 mg/kg) or vehicle (Tween 80-saline, 1:16) up to the age of 10 weeks, at which point the animals were euthanized (always 24 ho after the last injection of CBG).
Sampling
Once euthanized, mice were dissected and their brains removed. The right hemisphere was used to dissect the striatum, . The iQ TM SYBR Green Supermix (Bio-Rad) was used to quantify mRNA levels, in samples from 3NP-lesioned mice, for cyclooxygenase (COX)-2, TNF-α, interleukin (IL)-6, and inducible nitric oxide synthase (iNOS). Real-time PCR was performed using a CFX96 Real-Time PCR Detection System (Bio-Rad). The GAPDH housekeeping gene was used to standardize the mRNA expression levels in every sample. Expression levels were calculated using the 2 -ΔΔCt method. Sequences of oligonucleotide primers are given in Table 1 . The complementary DNA samples were also used for an array analysis using the RT 2 Profiler PCR Array Mouse HD (PAMM-123Z; Qiagen), which has been designed with 84 HD-related genes, following the manufacturer's instructions.
Measurement of Oxidative Stress Parameters
To determine different parameters related to oxidative stress and antioxidant systems, the right striatum obtained from 3NP-lesioned and control mice was homogenized in 0.1 M phosphate buffer (pH 7.4) using an Ultra-Turrax (IKA, Staufen im Breisgau, Germany) for 30 s on ice. Homogenates were cleared by centrifugation at 13,400 g at 4°C and the supernatants were collected. The protein content of the samples was determined using the Bradford assay. Catalase activity was assayed by the method described by Luck [25] in which the breakdown of hydrogen peroxide (H 2 O 2 ) is measured at 240 nm. Briefly, the assay mixture consisted of 12.5 mM H 2 O 2 in 50 mM phosphate buffer (pH 7.0) and 0.05 ml of the supernatant of each striatal homogenate (10 %), and the change in absorbance was recorded at 240 nm. Enzyme activity was calculated using the millimolar extinction coefficient of H 2 O 2 (0.07). The results are expressed as percentage of the mean activity in the control group. Superoxide dismutase (SOD) activity was assayed according to the method described by Kono [26] , wherein the reduction of nitroblue tetrazolium chloride (NBT) was inhibited by the SOD that was measured at 560 nm spectrophotometrically. Briefly, the reaction was initiated by the addition of 20 mM of hydroxylamine hydrochloride to the mixture containing 1 mM of NBT and 0.1 ml of each striatal homogenate. The results are expressed as percentage of the mean activity in the control group. Reduced glutathione (GSH) levels in each striatal homogenate were estimated according to the method described by Ellman [27] . The tissue samples (0.1 ml) were treated with trichloroacetic acid (10 %) during 30 min at room temperature and then centrifuged at 600 g for 15 min. The supernatants were collected and incubated with 6 mM 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). DTNB and GSH react to generate 2-nitro-5-thiobenzoic acid and glutathione disulfide (GSSG). Since 2-nitro-5-thiobenzoic acid is a yellow-colored product, its determination at 412 nm is used as an index of GSH concentrations, which are represented as percentage of mean levels found in the control group.
Histological Analyses
Brains fixed in 4 % paraformaldehyde and cryoprotected in 30 % sucrose were sliced (30-μm thick) with a cryostat at the level of the caudate-putamen and collected on gelatin-coated slides for immunohistochemical analysis of 1) EM48, a marker of mutant huntingtin aggregates, using a monoclonal anti-mouse EM48 antibody (Millipore, Billerica, MA, USA) used at 1/400 (see details in [28] ); and 2) DARPP-32, a marker of striatal projection neurons, using a monoclonal anti-mouse DARPP-32 antibody (Cell Signaling Technology, Danvers, MA, USA) used at 1/300. In the case of 3NP model, 5-μm-thick sections were used for Cresyl-violet staining (see details in [29] ) and for immunohistochemical analysis of 1) NeuN, a marker of neurons, using a monoclonal antimouse NeuN antibody (Millipore) used at 1/ 100; 2) Iba-1, a marker of microglial cells, using a monoclonal anti-mouse Iba-1 antibody (Millipore) used at 1/50; and 3) GFAP, a marker of astrocytes, monoclonal antimouse GFAP antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) used at 1/50. In all cases, sections were incubated overnight at 4°C. After incubation with the corresponding primary antibody, sections were washed in 0.1 M PBS and incubated for 2 h at room temperature with the appropriate biotin-conjugated antirat (1:500; Millipore), biotin-conjugated antirabbit (1:300; Sigma/ Aldrich, Madrid, Spain) or goat antimouse (Millipore) secondary antibodies. Reaction was revealed with the Vectastain® Elite ABC kit (Vector Laboratories, Burlingame, CA, USA). Negative Table 1 List of mouse primer sequences used in quantitative polymerase chain reaction
Gene
Forward Reverse
control sections were obtained using the same protocol with omission of the primary antibody. All sections for each immunohistochemical procedure were processed at the same time and under the same conditions. A Nikon Eclipse 90i microscope and a Nikon DXM 1200 F camera (Nikon, Tokyo, Japan) were used for slide observation and photography, and all image processing was done using ImageJ (National Institutes of Health, Bethesda. MD, USA). For this purpose, multiple sections, selected from levels located approximately 200 μm from the middle of the lesion, were obtained from each brain and used to generate a mean value per subject. In the case of the quantification of EM48 and DARPP-32 immunostaining, three 30-μm-thick slices (at a distance of 360 μm each other) per animal and 4 images at a magnification of 40× per each slice were used. The number of aggregates, or of DARPP-32-stained cells, was expressed as the mean value per field.
Cell Cultures and PPARγ Transcriptional Activity
Additional experiments were conducted in conditionally immortalized striatal progenitor cell lines STHdh Q7/Q7 expressing endogenous wild-type huntingtin, and STHdh Q111/Q111 expressing comparable levels of mutant huntingtin with 111 glutamines [30] . Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Lonza Ibérica, Barcelona, Spain) supplemented with 4 % fetal bovine serum and 4 % bovine growth serum, 2 mM L-glutamine, and antibiotics. The cells were grown at 33°C in a humidified atmosphere containing 5 % CO 2 . In 24-well plates, 10 5 cells/ml were cultured and transiently co-transfected with the expression vector GAL4-PPARγ and the luciferase reporter vector GAL4-luc using Roti®-Fect (Carl Roth, Karlsruhe, Germany) following the manufacturer's instructions. Twenty-four hours post-transfection, cells were treated with increasing concentrations of CBG for 6 h. Then, the cells were lysed in 25 mM Tris-phosphate pH 7.8, 8 mM MgCl 2 , 1 mM dithiothreitol, 1 % Triton X-100, and 7 % glycerol. Luciferase activity was measured in the cell lysate using a TriStar LB 941 multimode microplate reader (Berthold, Bad Wildbad, Germany) and following the instructions of the Luciferase Assay Kit (Promega, Madison, WI, USA). Protein concentration was measured by the Bradford assay (BioRad). The background obtained with the lysis buffer was subtracted in each experimental value and the specific transactivation expressed as a fold induction over untreated cells. All the experiments were repeated at least 3 times. Rosiglitazone was purchased from Cayman Chemical Company (Ann Arbor, MI, USA) and used as a positive control in these in vitro experiments.
Statistics
Data were assessed by one-or two-way analysis of variance, as required, followed by the Student-Newman-Keuls test.
Results
Study of Neuroprotective Effects of CBG in 3NP-lesioned Mice
The intoxication of mice with 3NP resulted in a myriad of neurological, biochemical, and histological effects that were reminiscent of some aspects of HD pathology (reviewed in [22] (Fig. 1) . A similar tendency was seen for truncal dystonia, but it was not statistically significant (Fig. 1) . In these animals, the administration of CBG improved the motor deficits typical of 3NP-lesioned mice by reducing hindlimb clasping and dystonia and general locomotor activity, but had no effect on trunkal dystonia (Fig. 1) .
The striatal parenchyma of these 3NP-treated animals showed an important reduction in Nissl-stained cells [>50 %; F(3,8)=96.89, P<0.01], which indicates an important degree of neuronal death caused by 3NP that was clearly prevented by treatment with CBG (Fig. 2) (Fig. 3) . NeuN immunostaining confirmed that CBG treatment prevented 3NP-induced neuronal loss (Fig. 3A) . However, this treatment did not reduce the number of GFAP-positive cells, which, in fact, experienced an increase (Fig. 3B) , and produced only a modest reduction in the reactive microgliosis (Iba-1-positive cells) (Fig. 3C) . These observations were not unexpected as glial activation has been reported to be very poor after 3NP intoxication in rodents [6, 7, 14] , oxidative injury and calpain activation being the key cytotoxic events underlying neuronal death in this experimental model [22] .
As microglia activation and astrogliosis were barely or not affected by CBG, we were interested to investigate the mRNA expression of specific proinflammatory markers. We show that the expression of inflammatory enzymes, for example COX-2 [F(3,8) = 29.071; P <0.01 (Fig. 4A) ] and iNOS [F(3,8)=34.051; P<0.01 (Fig. 4D)] , and the expression of proinflammatory cytokines, for example TNF-α [F(3,8)= 53.869; P<0.01 (Fig. 4B) ] and IL-6 [F(3,8)=6.091; P<0.05 (Fig. 4C) ] were significantly upregulated in 3NP-lesioned mice. CBG significantly attenuated the upregulation of all the proinflammatory markers induced by 3NP (Fig. 4) . Taken together, these results suggest that CBG mediates its anti-inflammatory activity on activated microglia and not in the signaling pathways that drive microglia cells from a resting state to an activated state.
Next, we used the striatum of 3NP-lesioned mice for analysis of some biochemical markers related to oxidative stress (e.g., catalase activity, SOD activity and GSH levels), which are particularly affected in this model [22] . As expected, there was a marked reduction in the activities of catalase [F(3,8)= 12.593; P<0.01 (Fig. 5A)] and, in particular, SOD [F(3,8)= 20.262; P<0.01 (Fig. 5C)] , as well as in the levels of GSH [F(3,8)=4.487; P<0.05 (Fig. 5B) ] compared with controls. CBG treatment recovered the activities of antioxidant enzymes, for example catalase, SOD-1, and the levels of GSH were reduced in the striatum of 3NP-intoxicated mice (Fig. 5) . Collectively, these effects were compatible with an important neuroprotective effect exerted by CBG against the striatal Data were subjected to one-way analysis of variance followed by the Student-Newman-Keuls test. ***P<0.001 when comparing the control group with the 3NP and CBG group. ### P<0.001 when comparing the 3NP group with the 3NP + CBG group damage caused by 3NP, which is also supported by the fact that the phytocannabinoid was mostly inactive on these parameters when it was administered to nonlesioned control animals (Figs 1-5) .
Lastly, cDNA samples obtained from the striatum of animals lesioned with 3NP, their controls, and the 3NP-lesioned mice that were treated with CBG were analyzed with a specific HD array that measured the mRNA expression of 84 genes related to HD (Table S1 ; see Supplementary Information). Our purpose was to identify possible genes that, being affected by 3NP insult reproducing the changes observed in the human pathology, may be normalized by treatment with CBG. Using this HD RT-PCR panel, we found only 2 genes, Cd44 and Sgk1, to be significantly upregulated (>2-fold induction or repression). Cd44 was induced in 3NP mice compared with control mice (3.0-fold induction) and was significantly downregulated in 3NP mice treated with CBG (−1.3-fold repression). Sgk1 was induced in 3NP mice compared with control mice (2.7-fold induction) and was also significantly downregulated in 3NP mice treated with CBG (−1.41-fold repression). Although, in general, these results confirm that the molecular mechanisms underling HD physiopathology are quite different in 3NP and R6/2 murine models (see below), previous studies have confirmed the relation of these two genes with HD and other neuroinflammatory disorders [31, 32] .
Study of Neuroprotective Effects of CBG in R6/2 Mice
We also investigated the neuroprotective properties of CBG in a transgenic murine model of HD, the R6/2 mice, which exhibit a very aggressive pathological phenotype that recapitulates most of the cytotoxic mechanisms that operate in the human pathology. Thus, compared with wild-type animals, R6/2 mice exhibited a characteristic loss of weight that was initiated at 8 weeks of age and that worsened at 10 weeks of (Fig. 6A) ]. This loss of weight has been largely reported in R6/2 mice and also in other transgenic models of HD [7] [8] [9] 14] . Treatment with CBG was not effective in recovering the characteristic loss of weight of R6/2 mice; it produced an apparent worsening effect (Fig. 6A) . In parallel to the weight loss, R6/2 mice exhibited a deterioration in rotarod performance that was already evident at the age of 5 weeks, then occurring before the loss of weight, and that reached a maximum at 9 weeks after birth [F(15,180) = 4.208; P < 0.01), 1 week before animals were euthanized (Fig. 6B) . The administration of CBG produced a modest recovery in this deteriorated rotarod performance, as revealed the fact that the time in the rod of R6/2 mice treated with CBG was always higher at all time points analyzed compared with R6/2 mice treated with vehicle (Fig. 6B) . However, these differences were not statistically significant, being evident only because of a different probability level for both groups compared with wild-type animals at specific time points, for example 8 weeks (Fig. 6B) . The analysis of the postmortem striatum of R6/2 animals at 10 weeks after birth proved important changes in specific markers of HD pathology, in particular, a profound reduction in the expression of CB 1 [F(3,29)=22.50; P<0.01 (Fig. 7A)] , as has been largely demonstrated in patients with HD [33] , and in this and other experimental models of HD [8, 14] . Upregulatory responses of CB 2 have been also found in previous studies [9, 10] , and were also evident here, but to a significantly lesser extent [F(3,26)=3.079; P<0.05 (Fig. 7B)] , and the same happened with expression of FAAH, which only showed a nonsignificant trend towards a decrease [F(3,29)= 1.208; Fig. 7C ), and therefore a much more moderate reduction than in previous studies in patients with HD [34] . However, the expression of MAGL had not previously been studied in R6/2 mice or other HD models, and proved to have a marked (Fig. 7D) ]. Treatment with CBG only affected the gene expression for CB 2 with a small effect, which is reflected in the loss of statistical significance for the differences observed between wild-type animals and R6/2 mice when these mice were treated with CBG (Fig. 7B) .
We also found the expected responses in R6/2 for other biochemical markers according to previous studies [8, 9, 35] , for example in the neurotrophins BDNF and IGF-1, the expression of which experienced in both cases showed a dramatic reduction [BDNF: F(3,28)=5.618 (P<0.05); IGF-1: F(3,29)=6.42 (P<0.05) (Fig. 8A, B) ], as previously described [2, 8] . Treatment with CBG partially improved deficits in both BDNF (Fig. 8A ) and IGF-1 (Fig. 8B ), but the effects were modest and similar to the case of CB 2 (e.g., loss of statistical significance of the differences observed between wild-type animals and R6/2 mice). R6/2 mice also exhibited deficits in the glial glutamate transporters GLAST [F(3,31)=11.44; P<0.01 (Fig. 8D)] and, in particular, GLT-1 [F(3,31)=27.85; P<0.01 (Fig. 8C)] , also in accordance with previous data [36] , but, in this case, there was no recovery by the treatment with CBG (Fig. 8C, D) .
We also quantified DARPP-32, a protein involved in dopaminergic receptor signaling in striatal projection neurons, which experienced a dramatic reduction in gene expression [F(3,31)=18.79; P<0.01 (Fig. 9A) ] and immunostaining [F(3,18)=11.09; P<0.05; Fig. 9B )] in R6/2 mice, concordant with the expected death of these neurons, and similar to previous studies [37] . None of these reductions was reversed by the treatment with CBG (Fig. 9A, B) . We also found changes in inflammation-related markers such as the PPARγ receptors, which were downregulated in R6/2 mice [F(3,25)= 4.32; P<0.05 (Fig. 9C)] , and the cytokine TNF-α, which experienced a marked increase [F(3,23)=5.716; P<0.01 (Fig. 9D) ], in agreement with previous studies [38] . However, we did not find any changes in other proinflammatory parameters, such as the enzymes COX-2 or iNOS, and the cytokine IL-1β (data not shown), although this lack of response has been documented in the literature [39] . Treatment with CBG partially reversed the downregulation of PPARγ in R6/2 mice (Fig. 9C) , being less effective against the increase in TNF-α, although a certain trend towards an attenuation may be appreciated in this parameter (Fig. 9D) . In parallel to the increase in PPARγ expression by CBG in these mice, we also found that this phytocannabinoid dose-dependently activated PPARγ in cultured striatal cells expressing endogenous wild-type and mutant huntingtins ( Figure S1 ; see Supplementary Information).
We were able to detect the presence of immunoreactivity for mutant huntingtin aggregates, labeled with EM48 antibody, in the striatal parenchyma of R6/2 mice (Fig. 10) , although our immunohistochemical analysis with GFAP and Iba-1 did not reveal a marked glial activation (data not shown), as found in some studies [40] . Interestingly, EM48 immunostaining was slightly, but significantly, reduced in R6/ 2 mice treated with CBG (Fig. 10) . Given that the number of striatal neurons does not appear to be significantly altered by treatment with CBG in R6/2 mice, according to the data obtained for DARPP-32 immunostaining (Fig. 9b) , we believe that the reduction in EM48 immunostaining by CBG does not reflect a reduction in the number of neurons but a decrease in the number of mutant huntingtin aggregates in surviving neurons, which may be a beneficial event. We also used the cDNA samples obtained from the striatum of R6/2 mice, their controls, and the transgenic mice that were treated with CBG for analysis with a specific HD array. Again, our purpose was to identify possible genes that, being affected in R6/2 mice reproducing more accurately the changes observed in the human pathology, may be normalized by treatment with CBG. We found numerous genes up-or downregulated in R6/2 mice (Table S2 ; see Supplementary Information), but 7 that have been frequently linked to this disease given their role in the regulation of gene transcription (e.g., symplekin, Sin3a, Rcor1, histone deacetylase 2, and huntingtin-associated protein 1), GABA transmission (e.g. δ subunit of the GABA-A receptor), and calcium homeostasis (e.g. hippocalcin), were found to be up-or downregulated in R6/2 mice (Fig. 11A) , as has previously been found in patients with HD or experimental models [41] [42] [43] [44] . Importantly, the expression of these 7 genes was partially normalized by treatment with CBG (Fig. 11B) , with some cases, for example huntingtinassociated protein 1, the increase found in R6/2 mice being completely reversed by CBG and exhibiting even lower expression levels than wild-type animals (Fig. 11B) . 
Discussion
Only a few clinical studies have been performed to determine whether cannabinoid compounds are efficacious in HD, and the results they have yielded are rather controversial [45] [46] [47] [48] . Possibly, the reason for such controversy is that these clinical studies concentrated more on HD symptoms rather than on disease progression. However, recent animal studies have demonstrated that combinations of different cannabinoids or the use of a broad-spectrum cannabinoid may delay disease progression by preserving striatal neurons from death in different animal models of HD, thus stressing the need for new clinical studies directed at testing whether the neuroprotective effects that certain cannabinoids induce in experimental models of HD are also reproduced in patients with HD [7] [8] [9] [10] [11] . This includes the evaluation of Δ
9
-THC and CBD, separately or in a combination [6] [7] [8] [9] , Sativex®, which has been found to be neuroprotective in different animal models of HD [14, 49] , and additional phytocannabinoids.
We were particularly interested in investigating whether CBG, another major phytocannabinoid present in Cannabis sativa, could be as effective a disease-modifying agent in HD. We studied its effects in 2 experimental models of HD, and found particularly positive results in the 3NP-lesioned mice model, a model in which the death of striatal neurons is dependent on mitochondrial damage, activation of calpain, and the generation of reactive oxygen species [14, 22] . In this model, subchronic administration of CBG preserved striatal neurons from 3NP-induced death presumably by regulating pro-oxidant and proinflammatory responses induced by 3NP intoxication. Importantly, the preservation of striatal neurons and the improvement of their homeostasis by CBG resulted in a significant improvement in the neurological deterioration typical of this model. These positive effects found in the 3NP model of HD were also investigated in a transgenic model of this disorder, the R6/2 mice, although the effects of CBG were much more modest in this model compared with the 3NP-lesioned mice. The most important observations in R6/2 mice were obtained from the analysis of the neurotrophins BDNF and IGF-1, and the PPARγ receptors, the deficits of which are strongly indicative of the deterioration in the striatal function-deficits that were partially reversed by CBG. We also collected some evidence from the data obtained with a specific HD array analysis, which showed some important HD-related genes, the up-or downregulatory responses of which were significantly attenuated by the treatment with CBG. Both types of responses are strongly associated with patients with HD in whom BDNF deficiency and alterations in symplekin [2] , Sin3a, Rcor1, histone deacetylase 2, huntingtin-associated protein 1, and other genes related to the regulation of gene transcription have been found to play a key role in HD pathogenesis [41] [42] [43] [44] . The presence of mutant huntingtin aggregates in the striatal parenchyma of R6/2 mice, another key event in human HD pathogenesis, was slightly reduced by CBG in these mice. By contrast, we did not obtain any evidence that CBG may preserve striatal neurons from death in R6/2 mice, as revealed by DARPP-32 immunostaining, but this fact appears to support the fact that the reduction in the number of mutant huntingtin aggregates reflects a lower presence of these aggregates in surviving neurons rather than a reduction due to lower number of striatal neurons. Reduction in huntingtin aggregation has been associated with a better striatal function, and has been proposed as a therapeutic objective in this disease [3] .
In this study, we have not addressed the potential mechanisms involved in the beneficial effects of CBG in both HD models, something that will be done in follow-up studies. It is important to note that the profile of CBG has been poorly studied in relation to its therapeutic and pharmacological effects and, in particular, to its mechanisms of action, which makes it difficult to relate the effects found to specific targets and signaling pathways. However, we assume that the effects are not dependent on the activation of CB 1 and/or CB 2 , given the poor affinity of CBG for these classic cannabinoid receptors [17, 18] . Like Δ 9 -THC and CBD, CBG also penetrates the blood-brain barrier after i.p. delivery [50] , and may target α-2 adrenergic receptors and PPARγ receptors in the brain [19, 21] . It has been shown that the expression of α-2 adrenergic receptors is increased in the hypothalamus of transgenic rats for HD [51] , but antagonism rather than agonism is involved α-2 adrenergic receptor-mediated neuroprotection [52] , and therefore it is unlikely that CBG alleviates HD symptoms and disease markers by targeting this receptor. On the contrary, PPARγ agonists such as thioglitazones have been shown to have a neuroprotective effect in in vitro and in vivo models of HD [53] [54] [55] . There is strong evidence that mitochondrial dysfunction results in neurodegeneration and may contribute to the pathogenesis of HD. Studies over the last few years have implicated an impaired function of PPARγ co-activator-1α (PGC-1α), a master co-regulator of mitochondrial biogenesis, metabolism, and antioxidant defenses, in causing mitochondrial dysfunction in HD. PPARγ agonists are neuroprotective, increase oxidative phosphorylation capacity in mouse and human cells, and were selected because the up-and downregulatory responses found between R6/2 and wild-type mice were more than 2-fold higher, and these differences were statistically significant in all cases, and also because these differences were reversed by the treatment with cannabigerol (CBG) (*P<0.05, **P<0.01, ***P<0.005) enhance mitochondrial function [56] . In addition, it has also been demonstrated that oral treatment with rosiglitazone induced mitochondrial biogenesis in mouse brain [57] . Therefore, we assume that the activation of PPARγ receptors may be certainly the most feasible mechanism for CBG effects in HD, in particular in 3NP-lesioned mice, although this would need to be demonstrated in follow-up studies. We also consider that these nuclear receptors may be also involved in the effects of CBG in R6/2 mice. In support of this hypothesis, we have found that CBG activated PPARγ in striatal cells expressing endogenous wild-type and mutant huntingtins, an experimental condition relatively comparable with the case of R6/2 mice. However, low levels of PPARγ receptors are expected in the striatum of these mice given their low levels of gene expression found in our study. In fact, these presumably reduced PPARγ receptor levels, together with the fact that CBG does not activate CB 1 and CB 2 and that, in R6/2 mice, the role of these receptors in mediating the neuroprotective effects of cannabinoids is much more relevant [8, 9] , might explain that the effects found with CBG in R6/2 mice have been much more modest compared with 3NP-lesioned mice, suggesting the need to continue the studies in R6/2 mice using combinations of CBG with other phytocannabinoids. However, substantial literature indicates that HD pathology develops via multiple pathways that may act synergistically. A recent report has investigated the gene expression profile in different animal models of HD compared with striatal gene expression phenotype of human HD [58] . In such a study, the authors found differences between the R6/2 and the 3NP models, showing that the 3NP profile is consistent with neuroinflammation, with changes in genes involved in immune response, response to wounding, defense response, and inflammatory response. In our study, with a limited number of HD-related genes, we also found clear differences between R6/2 (significant changes in 21 of 84 genes) and 3NP (significant changes in 3 of 84 genes) (see Supplementary Information) models. This result may be explained by the rapid induction of cell death mechanisms mediated by 3NP, and the array data may reflect only a small fraction of dysfunctional neurons present at one time. Thus, it will be interesting to study the effect of CBG on the profile of gene expression in 3NP-lesioned animals before the loss of striatal cells.
Finally, given that the improvement of antioxidant defenses by CBG, reflected in increased activities of catalase and SOD-1 and higher levels of GSH, appears to be a key mechanism for the beneficial effects of this phytocannabinoid in the 3NP model, we were also interested in investigating whether the neuroprotective effects of CBG in this pro-oxidant model may be associated with specific effects on Nrf-2 signaling and/or on the target genes for this transcription factor, a fact also proposed for the antioxidant effects of cannabidiol [15] . However, preliminary immunostaining of Nrf-2 and qRT-PCR analysis of Nrf-2-dependent genes failed to prove any effect of CBG at this level (data not shown).
In summary, CBG appears to have a promising neuroprotective profile for the treatment of HD, a fact already investigated with other phytocannabinoids separately or in combination [6-9, 14, 49] . CBG appears to be particularly active against the mitochondrial dysfunction, calpain activation and oxidative injury caused by 3NP. It was also active in R6/2 mice, but with only modest effect, so it is possible that it needs to be combined with another phytocannabinoid in these mice to enhance its therapeutic effects, in particular with cannabinoids having activity at CB 1 and/or CB 2 receptors, which have been found to serve as therapeutic targets in these mice [8, 9] . This additional investigation will be critical before proceeding to clinical studies with CBG in patients with HD.
